Abstract.
INTRODUCTION
especially Ulvaes, becomes apparent in eutrophic environments (Borum, 1996 ). An overview of 10 seagrass responses to nutrient enrichment and/or eutrophication events is presented in Burkholder et al. 11 (2007) , whereas the evolution of several Mediterranean coastal lagoons from pristine conditions to the 12 present situation is summarised in Viaroli et al. (2008) . 13
Although nutrient loading is one of the main drivers of regime shifts in transitional waters, light and 14 temperature have been also recognised as key abiotic factors controlling algal growth (Schramm, 15 1999 ). Furthermore, in transitional water ecosystems hydrological and hydrodynamic conditions affect 16 community persistence (Dahlgreen and Kautsky, 2004; Marinov et al., 2007) . SAV was found to cause alternate attractors, since floating plants outcompete SAV when light is the 21 only limiting factor, whereas SAV species dominate at low nutrient concentrations since they are able 22 to uptake nutrients from the sediments. The model, although not fully validated with experimental 23 data, was the first to provide a comprehensive explanation of several observed phenomena. 24
In this work, we have studied the regime shifts from SAV to floating macroalgae in shallow brackish 25 ecosystems. We have developed a basic model that accounts for the competition between Zostera 26 marina and Ulva sp. using existing models by Coffaro and Bocci (1997) , Bocci et al. (1997) and 1 Solidoro et al. (1997ab) . To deal with the ability of seagrass to survive at low nutrient conditions, we 2 have also included the dynamics of inorganic nitrogen (nitrates and ammonium) in the water column 3 and in the sediments (Chapelle, 1995) . A simple phytoplankton model (Plus et al., 2003) has been also 4 incorporated in the main model. 5
The integrated model is able to simulate successions of dominance states, with different resilience 6 characteristics according with the conceptual scheme. Regime shifts are found when changing nutrient 7 input, temperature and light intensity forcing functions. Finally, a re-interpretation in terms of 8 sensitivity to initial and operating values is discussed for mesocosm experiments. 9
METHODS

10
Model Formulation 11
The model is based on previous existing and validated models developed for Mediterranean coastal 12 lagoons, i.e. Venice lagoon (Italy) and Etang de Thau (France).This approach was chosen because it 13 would allow the flexibility of analysing different scenarios for these types of ecosystems which are 14 subjected to strong anthropogenic pressures. In addition, previously validated models can offer more 15 robust results than a "de novo" approach when there is no experimental data adequate for their 16 
validation. 17 -Zostera marina model 18
The Zostera marina sub-model is based on the model described in Bocci et al. (1997) and Coffaro and 19 Bocci (1997 The influence of the limiting factors on Ulva growth was described with a multiplicative formulation: 10
The functional forms of the algae model are described in Table 2 . As we do not consider oxygen 12 dynamics explicitly, the mortality in this model does not follow Solidoro et al. (1997a,b) model. In this 13 case, the mortality term has been expressed as a simple constant and a density dependent function: 14 As we do not explicitly consider zooplankton grazing explicitly, the mortality function in this model 17 has been changed accordingly. Phytoplankton nutrient uptake can be expressed as a function of the 18 nutrient limitation expression and phytoplankton biomass as in Plus et al., (2003) . The functional 19 forms of the phytoplankton growth model as well as the main parameters are described in Table 3 . 20
To model the competition between Zostera and Ulva it is necessary to include nutrient consumption. 22
The nutrients included are nitrogen in the oxidised and reduced forms. Furthermore, in shallow water 23 bodies, sediments play a fundamental role in the nutrient dynamics and in this case Zostera is able to 1 uptake ammonium from sediments distance between the centres of the water and sediment layers, and E is the sediment layer porosity 20 (Chapelle, 1995 
Nitrification in the sediments, Nitrif s , can be described as a first order process in ammonium 10 concentration at the sediment: 11
whereas nitrate reduction can be expressed as a first order process in nitrate concentration at the 13 sediment: 14
Nitrogen mineralization has not been taken into account in this model. Oxygen concentration is 16 considered constant. The values of parameters taken form Chapelle (1995) are summarised in Table 4 . 17
Forcing functions and parameters 18
In all the runs, the model has been forced by imposing temperature and solar radiation sinusoidal 19 forcing, which have the following form: 20
Parameters, amplitude and mean value, were adjusted using meteorological data from several 2 Mediterranean stations, but, in any case, their influence is going to be analyzed. The following assumptions were made to simulate these experiments: 18 -Light intensity was assumed to be not a limiting factor for any of the three taxa. The first set of simulations was run excluding phytoplankton, to compare with field observations for 6 which no phytoplankton data was mentioned. At low DIN input concentrations (5 mmol m -3 ) Zostera 7 survives and Ulva disappears (Fig. 1) . In addition, due to the relatively high flow of DIN into the 8 system, nitrogen is not completely depleted and the dynamics in the water column and in the sediments 9 are tightly coupled. However, there is a certain transient period of few years before the limit cycle is 10 reached, during which both vegetation types coexist. 11
The contrary effect, i.e. dominance by Ulva, may be observed at high input DIN concentrations (50 12 mmol m To verify the sensitivity of the competition in relation to changes in temperature, several simulations 1 were set up, with the same conditions as in Fig.1 , but with average temperature increased from 0.2 to 2 2°C
. Results obtained for a temperature increase of 1 ºC after the fifth year are presented in Figure 5 . In 3 this case, the outcome is the opposite as in Fig. 1 with Ulva dominating the competition. Dynamics and 4 timing of the regime shift are not a simple function of the temperature increase, as shifts have been 5 observed in all the temperature ranges studied depending on the initial and forcing conditions. 6
The model was also run changing mean temperatures (T m ) and annual temperatures (A T ) ranges, Eq. 7 (39). Results are presented in Fig. 6 , showing that an increase of both parameters tends to favor Ulva 8 growth, even in environments with low nutrient concentrations. 9
Finally the results of the model were analyzed as a function of the incident light. A series of simulation 10 were run by modifying the average light intensity (I m ) and its annual range (A I ), see Eq. (40). From the 11 results presented in Fig.7 it can be inferred that Zostera is adapted to narrower light ranges while Ulva 12 seems able to cope with high variable light regimes (Dahlgreen and Kautsky, 2004) . However, there is 13 a certain realm of lighting conditions within which Zostera dominates even at high DIN 14 concentrations. All simulated results showed that the system was in a transient and the final limit cycle 15 was reached after a few years. 8. Overall, phytoplankton was able to compete with Ulva for nutrients in the water column, thus 20
favouring Zostera due to its lower shadowing effect. At high DIN loadings phytoplankton 21 outcompeted both Ulva and Zostera, thus becoming the dominant group. This is due to its higher 22 maximum growth rate (0.021 h -1 ) compared to Ulva (0.017 h -1 ) and Zostera (0.0025 h -1 ) when no 23 nutrient, temperature or light limitation exists. 24
Assessment of mesocosm experiments 25
The model has been used to simulate the mesocosm experiments which tested competition between 1 Zostera marina, Ulva lactuca and phytoplankton under several nutrient enrichment conditions (Taylor 2 et al., 1999; Nixon et al., 2001). The authors concluded that no significant effect of loading could be 3 detected for Zostera marina, epiphytic material, drift macroalgae or for all plant components 4 combined. This contradictory result could be due to several reasons; therefore in this work we have 5 tried to assess two: sensitivity to initial conditions and transient behaviour. 6
Concerning the sensitivity to initial conditions, results obtained from two identical runs of the 7 mesocosm experiments, but with different initial biomass of Ulva and phytoplankton are reported in 8 Figures 9 and 10 , as an example. In the first case, Zostera biomasses increased steadily with nutrient 9 enrichment, from C to M and decreased from M and VH. In parallel, Ulva and phytoplankton 10 increased with nutrient enrichment from C to VH (Fig. 9) . However, in the second case (Fig. 10) , even 11
though Ulva and phytoplankton behaved in a similar way but with delayed dynamics and with 12 different values, Zostera showed a different behaviour with higher biomasses at higher concentrations. 13 Biomasses and Ulva-Zostera competition are more correlated with DIN loads than with mean DIN 24 concentrations, since with high growth rates nutrients become depleted. This is one of the reasons why 25 field observations are difficult to use for defining a regime shift value. 26
DISCUSSION
Simulation outcomes evidenced that system responses to DIN loadings are complex depending on 1 multiple parameters. For example, environmental conditions, such as temperature and light intensity, 2 seem to play an important role in controlling the competition between benthic and pelagic species. 3 Therefore, attempts to develop a simple nutrient scale for detecting regime shift in benthic vegetation 4 seems not possible. This is probably one of the reasons why experimental observations and mesocosm 5 data do not provide a clear threshold/range of values for regime shifts. 6
The results of simulations considering the influence of temperature and light intensity can be 7 informative on climatic conditions and depths at which Zoostera is able to grow when competing with 8
Ulva by providing plausible values at which regime shifts will occur. The simulations can also help the 9 debate on how changes in incident light's spectrum and intensity would affect the benthic vegetation. 
CONCLUSIONS
19
In this work a competition model has been developed with the aim of analysing the succession of 20 primary producer communities in coastal shallow ecosystems and identifying possible nutrient 21 thresholds which cause shifts between alternative stable states. 22
The integrated model is able to simulate succession of dominance states, with different resilience 23 characteristics according with the conceptual scheme that sees floating macroalgae as the optimal 24 competitors for light, and submerged phanerogams as most efficient in recovering and storing nutrients 25 from the sediments and from the water column. The shift from phanerogams to macrolgae, and finally 26 to phytoplankton dominated communities, conformed to the general theory of succession in coastal Regime shifts are found when changing the input of nutrients, but also, model simulations were 7 sensitive to environmental forcing: temperature and light. 8
Overall, model runs evidenced a clear tendency towards a shift from seagrass to macroalgae under 9 increasing temperatures. However, it is expected that the occurrence and severity of the shifts will be 10 site specific depending on local conditions and past history. These results point out that one of the 11 possible outcomes of an average air temperature increase will be the increase in macroalgae and 12 decrease in benthic vegetation. However, the results of the analysis of a competition model between 13 two species are not sufficient to sustain this point. 4 3 =5 mmol m -3 (low nutrient situation). 
